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The human homologue of yeast CRM1 is in a
dynamic subcomplex with CAN/Nup214 and a novel
nuclear pore component Nup88

complex. The smaller subunit of this complex, namedMaarten Fornerod1, Jan van Deursen1,
importin-α, NR-α or karyopherin-α, binds directly to theSjozef van Baal1, Albert Reynolds2,
NLS (Adam and Gerace, 1991; Adam and Adam, 1994;Donna Davis3, K.Gopal Murti3,
Görlich et al., 1994). The larger subunit, named p97,Jack Fransen4 and Gerard Grosveld1,5

importin-β, NR-β or karyopherin-β, is thought to mediate
Departments of1Genetics,2Tumor Cell Biology and3Virology and docking to the NPC. Importin-β binds to several repeat-
Molecular Biology, St Jude Children’s Research Hospital, containing nucleoporinsin vitro, and certain nucleoporin
332 N. Lauderdale, Memphis, TN 38105, USA and4Department of repeats may act as the docking sites for the NLS import
Cell Biology and Histology, Faculty of Medical Sciences, Nijmegen,

complex (Chiet al., 1995; Görlich et al., 1995b; MoroianuThe Netherlands
et al., 1995; Raduet al., 1995b). After docking, the import5Corresponding author
complex translocates though the central pore of the NPC,
and the import substrate is released into the nucleoplasmThe oncogenic nucleoporin CAN/Nup214 is essential
in an energy-dependent manner, requiring the Ras-likein vertebrate cells. Its depletion results in defective
GTPase Ran/TC4 (Melchioret al., 1993; Moore andnuclear protein import, inhibition of messenger RNA
Blobel, 1993; for a recent review, see Schlenstedt, 1996).export and cell cycle arrest. We recently found that
Export of proteins and ribonucleoproteins (RNPs) fromCAN associates with proteins of 88 and 112 kDa, which
the nucleus is also an active process that uses some ofwe have now cloned and characterized. The 88 kDa
the same factors involved in protein import, notably Ran/protein is a novel nuclear pore complex (NPC) com-
TC4 (Schlenstedtet al., 1995) and importin-α (Görlichponent, which we have named Nup88. Depletion of
et al., 1996).CAN from the NPC results in concomitant loss of

Within the NPC, several proteins interact in a geneticNup88, indicating that the localization of Nup88 to the
or physical manner. Co-purification studies in yeastNPC is dependent on CAN binding. The 112 kDa
showed that the nucleoporin Nsp1 forms one complexprotein is the human homologue of yeast CRM1, a
with the nucleoporins Nup49, Nup57 and Nic96 (Grandiprotein known to be required for maintenance of
et al., 1993), and forms a separate complex with Nup82correct chromosome structure. This human CRM1
(Grandiet al., 1995). Other yeast proteins that physically(hCRM1) localized to the NPC as well as to the
interact include Srp1, Nup1 and Nup2 (Belangeret al.,nucleoplasm. Nuclear overexpression of the FG-repeat
1994). Interestingly, Srp1 is the yeast homologue ofregion of CAN, containing its hCRM1-interaction
importin-α. Recently, a yeast complex has been identifieddomain, resulted in depletion of hCRM1 from the
that includes nucleoporins Nup84, Nup120, Nup85 andNPC. In CAN–/–mouse embryos lacking CAN, hCRM1
also Sec13, which is involved in the transport of proteinsremained in the nuclear envelope, suggesting that
from the endoplasmic reticulum to the Golgi apparatusthis protein can also bind to other repeat-containing
(Siniossoglouet al., 1996). In higher eukaryotes, twonucleoporins. Lastly, hCRM1 shares a domain of
protein subcomplexes have been identified, one contain-significant homology with importin-β, a cytoplasmic
ing nucleoporin p62, complexed with proteins of 58, 54transport factor that interacts with nucleoporin repeat
and 45 kDa (Pante´ et al., 1994; Guanet al., 1995), andregions. We propose that hCRM1 is a soluble nuclear
the second containing p250, associated with a protein oftransport factor that interacts with the NPC.
75 kDa (Pante´ et al., 1994). p62 is the metazoan homologueKeywords: CAN/Nup214/CSE1/importin-β/nuclear pore
of yeast Nsp1, and p250 is probably identical to CAN/complex/nucleocytoplasmic transport
Nup214.

The CAN protein was originally identified through its
involvement in two types of acute myeloid or undiffer-

Introduction entiated leukemia (von Lindernet al., 1992a,b). We have
recently developed anin vivo approach to study theThe nuclear pore complex (NPC) is a ~125 MDa complex
consequences of CAN depletion in knock-out mouseembedded in the nuclear envelope (NE) that mediates
embryos. Using this approach, we found that the absencebidirectional nucleocytoplasmic traffic in eukaryotic cells
of CAN leads to simultaneous defects in nucleocyto-(recently reviewed by Pante´ and Aebi, 1994, 1996; Simos
plasmic transport and in cell cycle progression (vanand Hurt, 1995; Go¨rlich and Mattaj, 1996).
Deursenet al., 1996). Previously, we identified a newAlthough more than 30 NPC components have been
CAN-containing complex that included proteins of 88 andisolated in both yeast and vertebrates, the interactions
112 kDa (Fornerodet al., 1996). The central region ofbetween the NPC and trafficking macromolecules are
CAN associates with the 88 kDa protein, most likelyonly recently beginning to be understood. The import of
through coiled-coil interactions, whereas the 112 kDanuclear localization signal (NLS)-carrying proteins into

the nucleus is mediated by a heterodimeric receptor protein interacts with part of CAN’s nucleoporin-specific
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way we generated C4322, expressing HA1-tagged DEK-
CAN (Fornerodet al., 1995). Only the 112 kDa protein
coprecipitated from this cell line. To visualize the co-
precipitating proteins on a silver-stained gel (Figure 1A)
we needed at least 107 cells per immunoprecipitation.

For micro-amino acid sequence analysis, we scaled up
the immunoprecipitation ~1000-fold, using cell line TTD2
(see Materials and methods). Proteins from the preparation
were separated by SDS–PAGE (Figure 1B), and the 88
and 112 kDa protein bands were excised from the gel.
Quantities of a coprecipitating protein of 66 kDa (CC66;
Fornerodet al., 1996) were insufficient for further analysis.
Gel slices containing 82 and 48 pmol of CC88 and CC112

Fig. 1. Immunopurification of CAN-associating proteins. (A) Proteins respectively were digested with trypsinin situ, and tryptic
immunoprecipitated with monoclonal antibody 12CA5 from cell lines peptides were eluted, purified by preparative HPLC and
expressing an HA1-tagged version of CAN (TTB6 and TTD2),

then sequenced from the N-termini. Two sequences ofDEK–CAN (C4322), and the parental cell line (HtTA-1), separated
16 amino acids were obtained from CC88, and CC112electrophoretically on 6% polyacrylamide gels and visualized with

silver staining. The positions of CAN and DEK–CAN, as well as yielded one sequence of seven amino acids (Table I).
those of the coprecipitating proteins CC112 and CC88, are indicated None of these sequences showed significant homology to
by arrows. A molecular weight standard is indicated on the right. known proteins; however, the two peptides derived fromIgG-H, immunoglobulin heavy chain. (B) An aliquot (0.1%) of the

CC88 matched an uncharacterized human cDNA in thelarge-scale immunopurification of CAN-associating proteins from the
TTD2 cell line, run on a 6% polyacrylamide gel and silver stained. dBEST database (IMAGE clone 179414, Genebank Acces-
Arrows indicate the 112 and 88 kDa copurifying proteins, and sion number H50498). Similarly, the peptide derived from
molecular weight markers are shown in an adjacent lane (right panel). CC112 matched a cDNA in the TIGR database (Clone
As a reference, HA1–CAN was coprecipitated from [3H]leucine-

HTTEU26, Human Genome Science, Rockville, MD).labeled TTD2 cells (left panel). The position of CAN and
Interestingly, the amino acid sequence of the putativecoprecipitating proteins CC112, CC88 and CC66 are indicated on

the left. reading frame of this cDNA clone showed significant
homology to a yeast protein of 115 kDa, named CRM1.
To determine whether these cDNAs were indeed derivedrepeat region. Identification of these proteins by molecular

cloning could improve our understanding of the function from mRNAs encoding CC88 and CC112, full-length
cDNA sequences were obtained from a human placentaof CAN in the NPC. In addition, CC112 might be important

in the leukemic process associated with DEK–CAN and cDNA library using clones 179414 and HTTEU26 as
probes.SET–CAN, because it interacts with these leukemia-

specific fusion proteins (Fornerodet al., 1996).
Here, we report the cloning and characterization of Sequence analysis of hCRM1 and Nup88

The complete cDNA putatively encoding CC112 had anthese 88 and 112 kDa proteins. The 88 kDa protein is a
new nuclear pore component that we name Nup88. The open reading frame of 1071 amino acids and encoded a

protein with a predicted molecular mass of 123 kDa112 kDa protein is the human homologue of yeast CRM1
and is located at the NPC and nucleus. We provide (Figure 2A). This open reading frame showed high homo-

logy to Saccharomyces cerevisiaeCRM1 (47% identity,evidence that the human CRM1 protein binds multiple
NPC components and moves between the nuclear pore 67% similarity) and to theSchizosaccharomyces pombe

homologue CRM11 (52% identity, 69% similarity). Weand the nucleoplasm. We also identify a group of proteins
that includes hCRM1, yeast CRM1 and importin-β, which therefore named this protein hCRM1 (human CRM1).

Further database searches revealed that the N-terminusmay constitute a novel family of NPC-interacting trans-
port factors. of hCRM1 shared significant homology to the N-terminus

of importin-β (Figure 2B). Importin-β is part of the nuclear
protein import receptor and can bind CANin vitro (RaduResults
et al., 1995a). In addition we found that a group of largely
uncharacterized yeast and vertebrate proteins of similarPurification of CAN coprecipitating proteins

We showed recently that two proteins specifically co- size (110–120 kDa) shared this homology domain, that we
propose to name the CRIME domain (CRm1, IMportinβ,immunoprecipitate with CAN, one of 88 kDa (CC88) and

one of 112 kDa (CC112) (Fornerodet al., 1996). To Etcetera). The sequence divergence within the group
was calculated according to Sneath and Sokal (1973)coprecipitate sufficient quantities of the 112 and 88 kDa

proteins for micro-amino acid sequence analysis, we (Figure 2C).
The complete cDNA thought to encode CC88 had ancreated stable cell lines that express an HA1-tagged CAN

protein. To avoid toxic effects of high CAN expression open reading frame of 741 amino acids and a predicted
molecular mass of 85 kDa (Figure 3A). Because an(Fornerodet al., 1995), we made use of the Tet-VP16

system (Gossen and Bujard, 1992) to repress HA1– unrelated protein named Nup85 already exists, we have
named this protein Nup88. Database searches revealedCAN during the transient phases of transfection. Two

independent, stably transfected cell clones, TTB6 and no significant homology of Nup88 to known proteins.
However, the C-terminal sequences of Nup88 are predictedTTD2, were analyzed for proteins that coprecipitate with

CAN. As shown in Figure 1A, both cell lines coprecipitated to form a coiled-coil (Lupaset al., 1991; Figure 3B), an
interaction domain often found in NPC proteins.the expected 88 and 112 kDa proteins. In much the same
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hCRM1 associates with CAN/Nup214 in NPC

Table I. Amino acid sequences of tryptic peptides derived from Nup88 and hCRM1a

Protein Peptide/cDNA Amino acid sequence

Nup88 CC88 peptide 50 -GPSGGGEEPAL(S)QYQ(R)
cDNA IMAGE 179414 RGPSGGGEEPAL S QYQ R
CC88 peptide 63rep20 -XQSPTEAEKPA(S)(S)(S/G)L(P/G)(K)
cDNA IMAGE 179414 KNQSPTEAEKPA S S S L P S

hCRM1 CC112 peptide 63rep20 -LISGWVS(R)
cDNA TIGR HTTEU26 KLISGWVS R

aCompared with virtual translations of expressed sequence tags found in computer databases. Trypsin hydrolyses peptide bonds at the C-terminal side
of lysine (K) or arginine (R).

Fig. 2. Amino acid sequence of hCRM1. (A) Comparison between hCRM1,S.cerevisiaeCRM1 (Adachi and Yanagida, 1989; Todaet al., 1992), and
S.pombeCRM11 (Todaet al., 1992). Identical and similar amino acids are boxed in black and gray respectively. The broken lines above the
sequence denote the N-terminal homology domain and an asterisk indicates the conserved tryptophan. A bar indicates the position of peptide
63rep20. The amino acid sequences between the arrows were used to raise antibodies against the protein. (B) Comparison between hCRM1 amino
acids 75–154 and similar N-terminal regions ofS.cerevisiaeCRM1, CSE1 (Xiaoet al., 1993), Hrc1004 (Accession number S53939), Spac22H10.03c
(Z69730), Nmd5 (P46970), Yer110c (P40069), Pse1 (Chowet al., 1992), Lph2p (U43503), D9505.15p (U32274), Kap95p (Go¨rlich et al., 1995a),
S.pombeCRM11 and human CAS (Brinkmannet al., 1995). The tryptophan that is conserved in all proteins is marked with an asterisk. Alignments
were calculated using the program Clustal W with a gap penalty of 10 and a gap extension penalty of 0.05. (C) Dendrogram representing the
sequence relationships between CRIME domain proteins. Relationships were calculated using the UPGMA algorithm (Sneath and Sokal, 1973) and
were based on complete amino acid sequences.

Interaction of Nup88 and hCRM1 with CAN To confirm that isolated cDNA sequences indeed
encoded the 88 and 112 kDa CAN-associating proteins, weTo further study the Nup88 and hCRM1 proteins, and to

confirm their interaction with CAN, we produced rabbit tested whether affinity-purifiedα-Nup88 andα-hCRM1
antisera could detect these proteins in CAN immuno-polyclonal antisera against amino acids 509–741 of Nup88

and amino acids 805–1071 of hCRM1 (Figures 2 and 3). precipitates. Using IP–Western blot analysis (Figure 4A),
we found that the 112 kDa protein that was immuno-These regions excluded the peptide sequences used to

identify the Nup88 and hCRM1 cDNAs. purified from TTD2 or C4322 cells was recognized by
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antibodies against bacterially produced hCRM1. Similarly, abundant coprecipitating protein of ~90 kDa. This protein
the 88 kDa protein that was immunopurified from TTD2 possibly represents a post-translationally modified form
cells reacted with antibodies against bacterially produced of Nup88. These results provide evidence that theNup88
Nup88. Theα-Nup88 antibodies also recognized a less andhCRM1genes encode CC88 and CC112, respectively.

We next assessed the cellular specificity of the affinity-
purified α-Nup88 andα-hCRM1 antisera by using them
to immunoprecipitate proteins from [3H]leucine-labeled
HtTA-1 whole-cell extracts (Figure 4B). The antisera
to hCRM1 and Nup88 specifically immunoprecipitated
proteins of the correct sizes, relative to the proteins that
coprecipitate with CAN. This indicates that the affinity-
purified antisera to hCRM1 and Nup88 are monospecific
and suitable reagents with which to further characterize
the proteins.

When we tested whether the hCRM1- and Nup88-
specific antibodies would coprecipitate CAN, no precipita-
tion was found. It is conceivable that these antibodies
interfere with CAN association. For instance, in the case
of Nup88, the serum may include antibodies against
the predicted protein interaction domain (see Figure 3).
Therefore, we linked the C-terminal 374 amino acids of
Nup88, which contain this domain, to an HA1 tag and
transiently expressed the product in HtTA-1 cells. Using
monoclonal 12CA5 to the HA1 epitope, HA1-Nup88(368–
741) coprecipitated a protein of the size of hCRM1 (Figure
4B) that reacted with anti-hCRM1 antibodies in IP–
Western analysis (not shown). Since hCRM1 does not
directly coprecipitate with Nup88 (Fornerodet al.,
1996), hCRM1 most likely is coprecipitated via CAN.
Indeed, the immunoprecipitate also contained a protein of
~220 kDa (Figure 4B), the size of CAN. This result

Fig. 3. Sequence characteristics of Nup88. (A) Predicted amino acid indicates that the C-terminal part of Nup88 contains thesequence of the Nup88 protein. Bars above the sequence indicate
CAN-interaction domain and confirms the existence ofpeptides 50 and 67rep23 respectively. Solid lines show predicted

coiled-coil regions. The amino acid sequences between the arrows the CAN–hCRM1–Nup88 complex. Attempts to pre-
were used to raise antibodies to Nup88. (B) Prediction of coiled-coil cipitate this complex using an N-terminally HA1-tagged
regions within Nup88; the program PEPCOIL was used which hCRM1 were unsuccessful, which could be due to theidentifies potential coiled-coil regions of protein sequences based on

aberrant subcellular localization of this protein, thatthe algorithm of Lupaset al. (1991).
appeared to be exclusively nuclear (data not shown).

Fig. 4. Interaction of CAN, hCRM1 and Nup88. (A) Western blot analysis of proteins that coprecipitated with HA1-tagged CAN or DEK–CAN,
using monoclonal 12CA5, from cell lines TTD2 and C4322, as indicated above the lanes. The parental cell line HtTA-1 served as a negative control.
Blots were stained with india ink and incubated with antibodies to Nup88 or hCRM1, as indicated below the blots. Positions of CAN, DEK–CAN,
hCRM1 and Nup88 are denoted on the right; IgG-H, immunoglobulin G heavy chain. Molecular weight standards are indicated on the left.
(B) Immunoprecipitation of proteins from [3H]leucine-labeled HtTA-1 cells withα-Nup88 orα-hCRM1 antibodies, as indicated above the lanes.
Protein A–Sepharose (prot A) served as a negative control. Anti-HA1 antibody 12CA5 was used to immunoprecipitate [3H]leucine-labeled proteins
from HtTA-1 cells that transiently expressed HA1–CAN (second lane from right) or HA1–Nup88(368–741) (right lane). Positions of CAN, hCRM1,
Nup88, CC66 and Nup88(368–741) are indicated on the right. The polyacrylamide gel percentages are indicated on the left.
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hCRM1 associates with CAN/Nup214 in NPC

Fig. 5. Subcellular distribution of hCRM1 and Nup88 in HtTA-1 cells. (A–C) Indirect immunofluorescence withα-hCRM1 (A and B) or
α-Nup88 (C) antibodies. (A) and (B) show the same cell, focused across (A) or on top of (B) the nucleus. Arrows indicate the nuclear envelope
(NE) and structures resembling annulate lamellae (AL); an arrowhead marks a nucleolus (Nu) in (A). (D–F) Immunoelectron microscopic
localization of hCRM1. Three cross-sections through the nuclear envelope are shown. The nuclear membrane is negatively stained. Gold particles
decorate nuclear pores, indicated by arrows, at the cytoplasmic face (D and E) and at the nuclear face (E and F). NP, nuclear pore; C, cytoplasm;
N, nucleoplasm. The bar is 6µm in A–C, 150 nm in D–F.

Subcellular localization of hCRM1 and Nup88 hCRM1 and Nup88 in CAN–/– embryos
Because CAN localizes to the NPC, we anticipated that the Recently, we studied the phenotypic consequences of CAN
proteins with which it interacts would also be present at that depletion in early mouse embryos, homozygous for a
subcellular location. Moreover, theS.pombeandS.cerevis- knock-out mutation in theCAN gene (van Deursenet al.,
iaeCRM1 proteins are known to localize to the nucleus and 1996). Typically, depletion of CAN protein from maternal
particularly the nuclear periphery (Adachi and Yanagida, sources starts at around day 2.5 of gestation. By day 3.5,
1989). We addressed the subcellular localization of the CAN is undetectable.
hCRM1 and Nup88 protein by indirect immunofluores- To investigate hCRM1 and Nup88 localization in CAN-
cence. Our monospecificα-hCRM1 antiserum showed a depleted embryos, we immunostainedCAN–/–and wild-
punctate rim staining around the nucleus (Figure 5A), type blastocysts that were culturedin vitro for 18 h,
which is a staining pattern characteristic for NPC proteins with affinity-purified α-hCRM1 and α-Nup88 anti-
(Davis and Blobel, 1986). When focused on the nuclear bodies. Indirect immunofluorescence on wild-type
surface, a dotted staining pattern was observed (Figureembryos showed staining for hCRM1 within the nucleus
5B), also characteristic for NPC proteins. Moreover, a and at the nuclear rim (Figure 6B,n 5 6), comparable
specific signal was present in the nucleoplasm (Figure with the staining pattern in human HtTA-1 cells. To
5A), with the nucleoli often staining more strongly than the confirm that the nuclear envelope was stained specifically,
surrounding nucleoplasm. In the cytoplasm, the hCRM1- we performed a co-staining with monoclonal antibody
specific signal was restricted to small dots. Since these414 (Davis and Blobel, 1986), that recognizes a group of
dots also stain with monoclonal antibody 414, directed nucleoporins (Figure 6A and D). CAN-depleted embryos
against a common nucleoporin epitope (Davis and Blobel, also showed a clear nuclear rim staining and a nuclear
1986), they most likely represent annulate lamellae (data signal (Figure 6C,n 5 5). This result suggests that NPC
not shown). Antibodies to Nup88 localized exclusively to association of hCRM1 is not dependent on CAN, and
the nuclear envelope (Figure 5C). presumably can be mediated by other NPC components.

To obtain a more detailed understanding of the Intriguingly, every cell of the mutant embryo showed
subcellular localization of hCRM1, we examined this prominent staining of the nucleolus, which was not
protein by using immunoelectron microscopy on LR- observed in wild-type embryos.
White-embedded ultrathin sections of HtTA-1 cells. Most Nup88 was detected at the nuclear envelope in the wild-
of the CRM1-specific gold label appeared in the nucleus, type embryos (Figure 6E,n 5 4). This staining was absent
and the gold density was highest at the nuclear envelopeor barely detectable in cells ofCAN–/–embryos (Figure
(data not shown). At the level of the nuclear pore, hCRM1 6F, n 5 4), indicating that the interaction of Nup88 at the
was present at both the cytoplasmic (Figure 5D and E) NPC is CAN dependent.
and nucleoplasmic face (Figure 5E and F) of the NPC.
To confirm the localization at the level of the nuclear

hCRM1 displays dynamic behaviorpore, we performed the same analysis on ultrathin cryo-
We have shown in HtTA-1 cells that hCRM1 appears insections of HtTA-1 cells. In such sections hCRM1-specific
the nucleoplasm, the NPC, and in nucleoli. We thenlabel was also found at both sides of the NPC, at

approximately equal frequency (data not shown). examined whether this localization represents a static
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Fig. 6. Subcellular localization of hCRM1 (B andC) and Nup88 (E andF) in wild-type (B and E) orCAN–/–(C and F) blastocysts. The specificity
of nuclear envelope staining is shown by co-localization of wild-type embryos with monoclonal 414 (A andD). Only part of the embryo is shown.
Arrows point to the nuclear envelope; an arrowhead denotes a nucleolus in (C). NE, nuclear envelope. The bar represents 10µm.

situation, or if there is trafficking of hCRM1 between We therefore determined the half-life of hCRM1 by pulse–
chase experiments, and found it to be ~24 h (data notthese cellular compartments.

In previous studies, we found that the C-terminal part shown). This means that at least part of the hCRM1
protein that accumulates in the nucleus was originallyof CAN is located in the nucleus when expressed by itself

(Fornerod et al., 1995). Moreover, this part of CAN located at the nuclear envelope.
As stated earlier, hCRM1 is present very prominentlyincludes the hCRM1-binding domain (Fornerodet al.,

1996). If hCRM1 moves between the nuclear pore and in the nucleoli of CAN-depleted embryos. Such accumula-
tion could indicate that the phenotypic effects of CAN-the nucleoplasm, the presence in the nucleus of the

CAN domain for hCRM1 binding might disturb hCRM1 depletion include disruption of processes within the
nucleolus. In an attempt to mimic such disturbances, weintracellular routing. We therefore expressed the hCRM1-

binding domain of CAN (the C-terminal amino acids cultured HtTA-1 cells for 45 min in the presence of
0.04 µg/ml actinomycin D, a compound which, at this1864–2090) transiently in HtTA-1 cells. By using

indirect immunofluorescence, we could detect the trans- concentration, specifically inhibits RNA polymerase I-
dependent transcription (Perry and Kelley, 1970). Cellsfected protein with monoclonal 12CA5 (Figure 7A), while,

in the same cells, we could monitor endogenous hCRM1 cultured in the presence of actinomycin D distinctly
accumulated hCRM1 in their nucleoli (Figure 7D). Higherlocalization by usingα-hCRM1 antibodies (Figure 7B).

Expression of C-terminal CAN caused hCRM1 accumula- concentrations of actinomycin D (5µg/ml), which also
affect RNA polymerase II-dependent transcription, hadtion in the nucleus and its disappearance from the nuclear

envelope, as we could verify by a double-labeling experi- the same effect on hCRM1 localization (not shown). These
results suggest that the nucleolus may be part of normalment with monoclonal 414, that specifically stains the

nuclear envelope (data not shown). These results suggest hCRM1 routing, and encourage the design of studies into
the role of hCRM1 in nucleolar function and nucleolar/that the hCRM1-binding domain of CAN is able to titrate

hCRM1 from the NPC, and that the presence of hCRM1 NPC trafficking.
at both the nuclear pore and in the nucleoplasm is a result
of a dynamic exchange. However, if the turn-over time of Discussion
hCRM1 is relatively short, nuclear hCRM1 accumulation
could also be explained by newly synthesized hCRM1 The oncogenic nucleoporin CAN/Nup214 forms an NPC

subcomplex with proteins of 88 and 112 kDa (Fornerodbecoming trapped in the nucleoplasm by C-terminal CAN.
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hCRM1 associates with CAN/Nup214 in NPC

Fig. 7. hCRM1 displays dynamic behavior. (A andB) Double-stained HtTA-1 cells, transiently expressing the hCRM1 binding region of CAN,
visualized with monoclonal 12CA5 (A). Endogenous hCRM1 is detected withα-hCRM1 antibodies (B). Arrows indicate hCRM1 nuclear envelope
staining in an untransfected cell. (C andD) hCRM1 protein localized by indirect immunofluorescence in normal HtTA-1 cells cultured for 45 min in
the absence (C) or presence (D) of 0.04µg/ml actinomycin D. Arrows indicate nuclear envelope staining, arrowheads point to nucleoli. The bar
represents 8µm.

et al., 1996). We immunopurified these two proteins and physical interaction with CAN. This implies that the
phenotypic effects of CAN elimination, which include G2cloned their cDNAs via peptide sequencing.

The 88 kDa protein is a novel nuclear pore component, arrest and changes in nucleocytoplasmic trafficking (van
Deursenet al., 1996), may in part be caused by Nup88which we have named Nup88. This protein may be

identical to p75, a protein previously shown to copurify depletion from the NPC.
Surprisingly, the 112 kDa protein appeared to be thewith CAN from rat liver extracts (Pante´ et al., 1994),

although the difference in molecular weight seems to be human homologue ofS.cerevisiaeand S.pombeCRM1,
proteins not previously implicated in nucleocytoplasmicconsiderable. Nup88 has no sequence homology to known

proteins, but its C-terminus contains sequences that are transport. TheS.pombe crm11 (chromosome region main-
tenance) gene was first identified as a mutated genepredicted to form a coiled-coil domain. Predicted coiled-

coil regions have been found in several other nuclear pore in certain cold-sensitive strains that display deformed
chromosomes at the restrictive temperature (Adachi andproteins, including CAN (for a review, see Pante´ and

Aebi, 1994), and are thought to mediate interactions within Yanagida, 1989). Furthermore, mutations in thecrm1gene
cause deregulation of the transcription factorpap1 (theNPC subcomplexes. Previously, we showed that mutations

in CAN’s coiled-coiled regions inhibit CAN interaction budding yeast homologue of human AP1) (Todaet al.,
1992), and can lead to multidrug resistance (Nishiet al.,with the 88 kDa protein identified here as Nup88 (Fornerod

et al., 1996). This result suggests that the Nup88–CAN 1994; Turiet al., 1994). Mutations in yeast genes involved
in nucleocytoplasmic trafficking can, apart from transportinteraction is coiled-coil-mediated. The position of the

coiled-coil region of Nup88 is similar to that ofS.cerevisiae defects, lead to similar pleiotropic effects, as illustrated
by the yeast homologue of the GTPase Ran/TC4, and itsNup82p, a protein that, if mutated, causes mRNA export

defects (Hurwitz and Blobel, 1995), as does mutation of exchange factor RCC1 (Forresteret al., 1992; Kadowaki
et al., 1993), and by Nup85p (Goldsteinet al., 1996). ItCAN (van Deursenet al., 1996). However, the sequence

homology between these proteins is marginal (data not is therefore conceivable that a transport defect may be
responsible for thecrm1 phenotype. The yeast CRM1shown), and it remains to be determined whether Nup88

could be the functional homologue of yeast Nup82p. proteins have been localized to the nucleus and are
particularly prominent at the nuclear periphery (AdachiCAN–/–mouse embryos that lack CAN have no detect-

able Nup88 at their nuclear envelopes. Therefore, the and Yanagida, 1989). This, together with the high homo-
logy between yeast and human CRM1, suggests that alsopresence of Nup88 at the nuclear pore depends on its
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in yeast, CRM1 may strongly associate with repeat- translocation of this protein–import complex through
the NPC (Rexach and Blobel, 1995; Go¨rlich and Mattaj,containing nucleoporins.

The hCRM1 protein is identical to the 112 kDa protein 1996; Nehrbass and Blobel, 1996). Both models propose
a stepwise binding and release of the importin-β com-that interacts with DEK–CAN and SET–CAN, two nuclear

fusion proteins associated with acute myeloid and undiffer- ponent of the complex to and from nucleoporin repeats.
Because the different nucleoporins localize to specificentiated leukemia, respectively (Fornerodet al., 1996).

Because hCRM1 is not related to any proteins known to sites along the NPC, the transport direction of the complex
is proposed to be established via an increased bindingbe involved in oncogenic transformation, its possible role

in leukemogenesis remains to be determined. However, affinity of importin-β for nucleoporin repeats towards the
nucleus. Following these models, the more cytoplasmicallyhCRM1 could be part of a novel pathway, via which

nuclear pore components contribute to leukemogenesis. located CAN would have a relatively weak affinity for
importin-β, which is in agreement with its absence in our
CAN co-immunoprecipitation experiments. In contrast,Is hCRM1 a novel transport factor?

Several lines of evidence support the idea that hCRM1 hCRM1 appears to have a high affinity for CAN. This
suggests that if hCRM1 interacts with nucleoporin repeatscould be a transport factor that interacts dynamically with

the NPC. in an importin-β-like fashion, it could move in the opposite
direction, i.e. from the nucleus to the cytoplasmic face ofFirst, the dual subcellular localization of hCRM1 to the

nucleus and to the NPC suggests that this protein can the NPC.
In addition to importin-β and its yeast homologuetravel between the two compartments. To test this, we

overexpressed the hCRM1-binding domain of CAN, which Kap95p, we found nine other proteins that share the N-
terminal CRIME domain. The majority of these proteinsis located in the nucleus and not at the NPC. If hCRM1

binds permanently to CAN, expression of its binding came from hypothetical open reading frames identified
as part of theS.cerevisiaegenome sequencing project.domain in the nucleus would have no effect. If, on the

other hand, hCRM1 is released periodically from the NPC However, CSE1 has been identified as an essential yeast
protein, and its mutation results in a chromosome segre-into the nucleus, the presence of an excess binding domain

could sequester the hCRM1 in the nucleoplasm and lead gation defect (Xiaoet al., 1993). Moreover, it was reported
that the cse1 phenotype can be suppressed by highto a gradual disappearance of hCRM1 from the nuclear

envelope. We found that, under these conditions, hCRM1 expression of Srp1 (Belangeret al., 1994), the yeast
importin-α homologue that interacts with the nucleoporinswas completely absent from the nuclear envelope and was

only present in the nucleoplasm. Since we showed that Nup1 and Nup2. Thus, CSE1 is the third otherwise
unrelated protein that shares the N-terminal domain andthe half-life of hCRM1 is long, this suggests that hCRM1

can move from the NPC to the nucleoplasm. In addi- is implicated in NPC interaction. Therefore, this N-
terminal homology domain may define a new group oftion, we have shown that repression of RNA polymerase

I-dependent transcription causes accumulation of hCRM1 NPC-interacting transport factors, and it will be interesting
to test whether it is this domain that mediates interactionin the nucleolus. Although we do not understand the

mechanism causing this effect, it does suggest that hCRM1 with nucleoporin repeat sequences.
routing involves the nucleolus.

Second, the nuclear envelopes of cells from CAN-
Materials and methodsdepleted mouse embryos contain hCRM1. This suggests

that hCRM1 can bind to NPC components other than Cell culture and transfection
HtTA-1 cells (Gossen and Bujard, 1992) were cultured as describedCAN. We previously demonstrated that hCRM1 interacts
(Fornerodet al., 1995). In some experiments, actinomycin D1 (Boehringerwith the C-terminal half of CAN’s nucleoporin repeat
Mannheim, Indianapolis, IN) or cycloheximide (Sigma, St Louis, MO)region (Fornerodet al., 1996). This repeat of CAN were added to the culture medium. Cell lines TTD2 and TTB6,

has significant homology to repeats of several other which express HA1–CAN under the control of a tetracycline-dependent
promoter, were created by co-transfecting HtTA-1 cells withSspInucleoporins, including Nup98, Nup153 and p62. Thus,
linearized plasmid pHA1–CAN (Fornerodet al., 1995) andScaI linear-hCRM1 may interact with repeat regions of these, or other
ized pJΩ6Puro at a molar ratio of 20:1. Puromycin-resistant clones wereyet unknown, vertebrate nucleoporins. In agreement with
selected as described (Fornerodet al., 1995). TTD2 expressed HA1–

this is our observation that hCRM1 is present at the CAN predominantly in the nuclear envelope in the absence of tetracycline.
nuclear as well as the cytoplasmic face of the NPC, while Under these conditions, the cell line showed normal growth characteristics

for multiple passages. The HA1–DEK–CAN-expressing cell line C4322CAN is only present at the cytoplasmic side (Kraemer
has been described previously, as has HtTA-1 transient transfectionet al., 1994). Therefore, Nup98 and Nup153 are good
(Fornerodet al., 1995). Plasmid pHA1–Nup88(368–741) was createdcandidates to mediate additional nuclear NPC associationby placing sequences encoding two copies of the influenza virus HA1

of hCRM1, as both reside at the nuclear face of the NPC tag (Fornerodet al., 1995) at the 59 side of codons 368–741 of the
Nup88cDNA.(Sukegawa and Blobel, 1993; Raduet al., 1995b).

Third, hCRM1 shares a region of significant homology
Immunopurificationwith importin-β. This factor interacts physically with
Approximately 1010 TTD2 cells cultured on 500 15-cm dishes were

nucleoporin-specific repeat regions (Moroianuet al., 1995; rinsed once with phosphate-buffered saline (PBS), scraped in PBS and
Radu et al., 1995b) and can bind CAN in ligand blot pelleted at 2000g in 50 ml tubes for 10 min at 4°C. Cell pellets, in total

weighing 40 g (wet weight) were frozen at –80°C until further processing.assays (Raduet al., 1995a). This suggests that hCRM1
TTD2 cell aliquots (2 g each) were transferred to 15 ml tubes, lysed inand importin-β may interact with the NPC by the same
8 ml ice-cold NP-40 lysis buffer (1% NP-40, 50 mM Tris–HCl pH 8.0,mechanism. Importin-β forms part of a cytoplasmic trans- 150 mM NaCl, 5 mM EGTA, 5 mM EDTA, 15 mM MgCl2, 60 mM

port complex that mediates protein import into the nucleus. β-glycerolphosphate, 1 mM DTT, 0.1 mM NaVO4, 0.1 mM NaF, 15 mM
p-nitrophenylphosphate, 1.8µg/ml aprotinin, 1µg/ml leupeptin, 10µg/mlTwo molecular mechanisms have been proposed for the
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soybean trypsin inhibitor, 0.1 mM benzamidine), and filtered through night with purifiedα-hCRM1 orα-Nup88 antibodies, both diluted to 1
in 30, or monoclonal 414 (5µg/ml), and images were collected by0.45 µm cellulose acetate membranes. Lysates were then precleared for

30 min with 1 ml packed Sepharose CL-4B (Pharmacia). HA1–CAN confocal laser scanning microscopy on a Bio-Rad MRC1000 (Bio-Rad,
Hercules, CA) using a340 oil objective.was immunoprecipitated by rotating the cleared lysates twice for 1 h

with 0.4 mg of monoclonal antibody 12CA5 (BAbCo, Newport, CA) HtTA-1 cells were examined by immunoelectron microscopy as
previously described (Fornerodet al., 1995), except that cells werecovalently linked to 0.2 ml packed CNBr-activated Sepharose CL-4B

beads (Pharmacia). The beads were washed four times with 8 ml NP- embedded in LR-White normal grade rather than in hard grade (London
Rasin Company Ltd, Basingstoke, UK). Ultrathin cryosections were40 lysis buffer and then once with PBS. Proteins were eluted from

the Sepharose beads by subsequent batchwise elutions with 0.4, 0.4 and made and immunolabeled as described (Fransenet al., 1991). Sections
were labeled with affinity-purifiedα-hCRM1 antibodies diluted to 1 in 10.0.2 ml 0.5% SDS, and vacuum concentrated (Speed-Vac) to 250µl.

Proteins in the eluates were subsequently precipitated with 5 volumes
acetone at room temperature and pelleted at 18 000g for 10 min. The
pellets were suspended in 25µl solubilization buffer (10% SDS, 100 mM Acknowledgements
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